Precision medicine is an approach to disease prevention and treatment that takes into account genetic variability and environmental and lifestyle influences that are unique to each patient. It facilitates stratification of patient populations that vary in their susceptibility to disease and response to therapy. Shared databases and the implementation of new technology systems designed to advance the integration of this information will enable health care providers to more accurately predict and customize prevention and treatment strategies for patients. Although precision medicine has had a limited impact in most areas of medicine, it has been shown to be an increasingly successful approach to cancer therapy. Despite early promising results targeting aberrant signaling pathways or inhibitors designed to block tumor-driven processes such as angiogenesis, limited success emphasizes the need to discover new biomarkers and treatment targets that are more reliable in predicting response to therapy and result in better health outcomes. Recent successes in the use of immunity-inducing antibodies have stimulated increased interest in the use of precision immunotherapy of head and neck squamous cell carcinoma. Using next-generation sequencing, the precise profiling of tumor-infiltrating lymphocytes has great promise to identify hypoimmunogenic cancer that would benefit from a rationally designed combinatorial approach. Continued interrogation of tumors will reveal new actionable targets with increasing therapeutic efficacy and fulfill the promise of precision therapy of head and neck cancer.
Precision medicine is an emerging approach to disease prevention and treatment that takes into account genetic, proteomic, transcriptomic, and metabolomic variability, as well as environment and lifestyle influences that are unique to each patient (Snyderman et al. 2016) . Using shared databases and bioinformatics to facilitate the integration of this information, precision medicine will enable health care providers to more accurately predict and customize prevention and treatment strategies for patients. Although to date precision medicine has had a limited impact in most areas of medicine, it has been shown to be an increasingly successful approach in the treatment of cancer (Garraway et al. 2013; Collins and Varmus 2015; Mes et al. 2016) . As progress is made in integrating large-scale biological databases and with continued advances in the biosciences and technology, the promise of precision health and medicine will be fully realized (Ritchie et al. 2015; Prawira et al. 2017) . In this concise review, we describe the current and evolving strategies in precision therapy of head and neck squamous cell carcinoma (HNSCC). The therapeutic arm of precision medicine is precision therapy or targeted therapy. It is a strategy that uses the unique genomic and biological characteristics of a tumor to identify treatment-specific targets (https://www.cancer.gov/ about-cancer/treatment/types/precision-medicine).
Cancer Genomics and Precision Therapy of HNSCC
Cancer is fundamentally a genomic disease. There are 2 broad categories of cancer mutations. Acquired or somatic mutations occur throughout an individual's life and are the most common cause of what is described as "sporadic" cancers. Tobacco, alcohol consumption, and human papillomavirus (HPV) infection are the most common cause of head and neck cancer. Germline mutations, on the other hand, are inherited mutations, passed on from one generation to the next. These types of mutations are far less common, accounting for 5% to 10% of cancers. It is common for most cancers to contain multiple mutated oncogenes and tumor suppressor genes (Brower 2011; Garraway et al. 2013) .
Next-generation sequencing has enabled researchers to characterize the mutational landscape of many tumors, including HNSCC, helping investigators identify previously known mutations and novel mutations (Stransky et al. 2011; Razzouk 2014) . The revelation of these new potentially actionable therapeutic targets may shed light on new avenues of therapy and also reveal new insights into mechanism of tumor progression. Currently, for some cancers, genetic testing is used to assess the carrier status of patients with heritable or acquired genetic mutations that are associated with an increased risk for developing cancer (Zavras et al. 2012; Eccles et al. 2016; Peters et al. 2017) . For breast and ovary, this has led to the adoption of more aggressive strategies to either prevent or minimize disease onset and severity (Gail et al. 1989; Wacholder et al. 2010) . In regard to oral and HNSCC, retrospective studies have shown that loss of heterozygosity at chromosome 9p and 3p is important in risk assessment of oral precancer (Jordan et al. 2012; Zhang et al. 2012) . Also, gene expression profiling of premalignant oral leukoplakias has revealed insights into the identity of genetic lesions that predispose to the development of oral cancer (Saintigny et al. 2011) . As precision technology continues to evolve, the ability to accurately predict the onset and severity of head and neck cancers will improve (Wang et al. 2015) .
While the genetic mutations encountered in HNSCC are primarily somatic in nature, germline mutations and chromosomal aberrations with loss-of-function mutations of tumor suppressor genes have been found in dysplasias and families with multiple instances of HNSCC (Vinarsky et al. 2009; Stransky et al. 2011; Tanaka et al. 2012; Razzouk 2014; Scheckenbach et al. 2014) . Somatic mutations in HNSCC are numerous. Some of the more commonly encountered mutations affecting key growth regulatory and survival pathways are TP53, PI3K, epidermal growth factor receptor (EGFR), p16, and NOTCH1 (Leemans et al. 2011; Bednarek et al. 2016; Giefing et al. 2016) . Their expression is altered in almost all of HNSCC. EGFR is overexpressed at high levels in HNSCC and, when encountered, is associated with poor prognosis (Pomerantz and Grandis 2003) . Somatic mutations in the tyrosine kinase domain of EGFR are rare, however (Loeffler-Ragg et al. 2006) .
HPV-associated HNSCC is a biologically distinct entity (Slebos et al. 2006; Stransky et al. 2011) . Approximately 90% of HPV-associated oropharyngeal cancers (oral cavity, larynx, and hypopharynx) can be attributed to high-risk HPV type 16 (HPV16) (Kreimer et al. 2005) . Unlike HNSCC caused by tobacco and alcohol, the mechanisms of neoplastic transformation by HPV are different. HPV16 contains 2 oncogenes, E6 and E7, which inactivate p53 and the retinoblastoma gene (Rb) respectively. The E6 and E7 oncoproteins of HPV16 complex with ubiquitin ligases to facilitate degradation of p53 and retinoblastoma proteins, respectively (Chung and Gillison 2009) . Both of these genes play a critical role in growth regulation and, when inactivated, result in dysregulation of the cell cycle and enhanced cell proliferation (Zhang et al. 1999; Wiest et al. 2002; Stephen et al. 2013) .
The identification of tumor-specific genomic alterations has fundamentally changed the field of cancer therapeutics, leading to the development of new target-specific therapies. Indeed, these "targeted therapies" act on specific mutations identified as suspected "drivers" of cancer progression. New genomic and proteomic strategies have also made it possible to classify tumors according to their mutation status or other molecular alterations, rather than relying on histology or tissue of origin. This molecular typing of tumors has helped to identify new druggable targets (Giefing et al. 2016; Moreira et al. 2017) . A targeted cancer therapy that is gaining significant momentum is immunotherapy (Bauman et al. 2017) . Many newly developed therapies based on immune checkpoint inhibitors can induce an immune response and tumor regression by blocking immunosuppression (Rosenberg 2014; Ferris et al. 2016) . The potential of biomarkers in precision medicine and of immunotherapy in HNSCC will be discussed in some detail in this review.
Biomarker Targets for Precision Medicine in HNSCC
Precision medicine is selection of therapy that is most suited for the individual patient. Currently, tumor stage and location, rather than tumor biology, are the basis of treatment selection in HNSCC (Weiss and Hayes 2014) . However, different tumors at the same stage may respond differently to the same treatment.
Targeted therapy against a specific molecule that has a crucial role in tumor progression has been approved for use in HNSCC. The efficacy of targeted therapy would likely be enhanced by use in appropriately selected patients (i.e., in the context of personalized medicine). Of emerging interest are genomic, proteomic, transcriptomic, and metabolomic markers of a tumor that will facilitate treatment selection. Prognostic biomarkers provide information about the likely outcome of a cancer relative to disease progression, recurrence, or death and are independent of treatment (Ballman 2015) . In contrast, predictive biomarkers provide information about the likely outcome of a treatment in patients who do or do not have the biomarker (Ballman 2015) . This section will primarily focus on biomarkers that enhance selection of conventional treatments and targeted therapy and will reference their prognostic value if relevant.
The heterogeneity of HNSCC provides a challenge to treatment selection by tumor stage, which is informed by clinical and imaging information (Mena et al. 2017) . To overcome this hurdle, molecular biomarkers are intensely investigated with the intent of identifying objective parameters (a "biomarker signature") for selection of the most appropriate treatment. The ultimate goal is to improve patient survival and reduce morbidity.
While tobacco, alcohol, and HPV16 are etiologic factors for HNSCC, HPV-positive and HPV-negative HNSCC are distinct entities (Chaturvedi et al. 2016) . Survival rates are better for patients with HPV-positive than HPV-negative oropharyngeal squamous cell carcinoma (Chaturvedi et al. 2016) . Among patients with HPV-positive HNSCC, those who had never smoked had better survival than those who had smoked, and both groups did better than patients with HPV-negative tumors (Chaturvedi et al. 2016) . HPV16 can be detected by in situ hybridization for genomic DNA or immunostaining for p16 (Lingen et al. 2013) . Although HPV status is the only clinically relevant prognostic marker for oropharyngeal HNSCC, it is not a predictive biomarker. In contrast to oropharyngeal HNSCC, HPV16 is not a major risk factor for oral cavity squamous cell carcinoma; in fact, only 5.9% of these lesions exhibited positivity for high-risk HPV E6/E7 (Lingen et al. 2013) . Therefore, HPV status is neither a prognostic nor a predictive biomarker for oral cavity HNSCC.
Overexpression of EGFR, observed in >90% HNSCCs, is correlated with poor clinical outcome, including poor overall and disease-free survival and high locoregional recurrence (Ang et al. 2002) . However, its association with response to treatment is inconsistent (Vermorken et al. 2007 ).
p53 is a tumor suppressor gene that is mutated in one-third to two-thirds of HNSCC, leading to disruption of the DNA damage response and impaired growth control (Klein and Grandis 2010) . This is associated with reduced survival time and resistance to radiation and chemotherapy (Zhou et al. 2016 ). Recent studies showed that patients with HNSCC exhibiting high-risk p53 mutations had more cisplatin resistance and poorer survival than those with low-risk mutations (Zhou et al. 2016) .
In a recent small study on recurrent/metastatic HPV-positive HNSCC, the molecular profile was similar to HPV-negative tumors (Morris et al. 2017) . These included more TP53 mutations, whole-genome duplication, and 3p deletion than HPVpositive primary tumors. Although these findings may be relevant to targeted therapy and de-escalation of chemoradiation, confirmation is required in a larger cohort (Morris et al. 2017 ).
E-cadherin, a component of the adherens junction, is linked to the cytoskeleton via β catenin. Suppression of E-cadherin is associated with reduced disease-free survival. These and other epithelial to mesenchymal transition biomarkers were reviewed previously (Scanlon et al. 2013) . Other proteins such as Bcl2 (B-cell lymphoma 2) and DNA repair proteins have been linked to treatment outcomes (Nix et al. 2005; Mehra et al. 2013) . Although several proteins, including Bcl2 and DNA repair proteins, have been linked to treatment response, given the heterogeneity of HNSCC, it is likely that a panel of biomarkers will ultimately facilitate treatment selection.
Companion diagnostics is a term used for biomarkers that allow targeted therapy to be used in the context of precision medicine (Mankoff et al. 2016 ). These may be broadly grouped into predictive and response biomarkers. Predictive biomarkers are linked to a specific targeted therapy and are often the target or a related molecule (Mankoff et al. 2016) . Response biomarkers, also termed pharmacodynamics biomarkers, reflect the response to treatment (Mankoff et al. 2016 ). Molecular imaging may provide opportunities for predictive and response biomarkers (Mankoff et al. 2016) .
Targeted therapy approved for use in HNSCC is the EGFR inhibitor, cetuximab (Saba et al. 2017) . Cetuximab competitively antagonizes binding of epidermal growth factor (EGF) and transforming growth factor α (TGFα) to EGFR, thereby inhibiting downstream signaling cascades (Saba et al. 2017) . In a randomized trial comparing radiation plus cetuximab with radiation alone, the combination treatment was more effective in locoregional control of HNSCC and reduced patient mortality (Bonner et al. 2006) .
Recently, immunotherapeutic agents were approved for the treatment of HNSCC Lemery et al. 2017) . The immunotherapeutic agents target programmed cell death 1 (PD1), thereby interrupting interaction with its ligand (PD-L1). PD1/PDL1 induces a signaling cascade that suppresses T cells, thereby allowing HNSCC to evade immunosurveillance (Prasad and Kaestner 2017) . Currently, these therapies are not used in the context of precision medicine in HNSCC. Given the extensive molecular profiling of HNSCC, it is likely that companion diagnostics will be developed to facilitate selection of patients who will be most responsive to targeted therapy and immunotherapy.
Targeting the PI3K/AKT/mTOR and Angiogenesis Signaling Pathways
Signaling pathways are often dysregulated in HNSCC. The PI3K/AKT/mTOR pathway is frequently dysregulated in HNSCC and as such is potentially a valuable therapeutic target (Nathan et al. 2007; Simpson et al. 2015; Van Waes and Musbahi 2017) . The PI3K/AKT/mTOR signaling pathway plays a vital role in a number of physiological process, including cell growth, survival, and metabolism (Simpson et al. 2015; Van Waes and Musbahi 2017) . Mutations in PI3KCA and PTEN oncogenes, downstream components on this pathway, activate mTOR. This enhances cell growth, survival, and tumor progression, features that are common to most human malignancies, including HNSCC (Agrawal et al. 2011; Stransky et al. 2011; Dorsey and Agulnik 2013) . Also, genetic alterations in PI3K have been linked to progression of oral dysplasias to carcinomas and in general are associated with a poor prognosis. Inhibition of mTOR by rapamycin and second-generation inhibitors temsirolimus and everolimus has shown antitumor activity in xenograft models (Amornphimoltham et al. 2005; Nathan et al. 2007 ). However, phase I studies of PI3K-mTOR inhibitors demonstrated enhanced toxicity, a narrow therapeutic window, and eventual tumor progression upon cessation of treatment Vander Broek et al. 2015) . The clinical response rate in phase II trials has been disappointing (Geiger et al. 2016 ) Despite the success of preclinical models, the response to PI3K/AKT/mTOR inhibitors remains controversial (Simpson et al. 2015; Van Waes and Musbahi 2017) .
Angiogenesis has long been proposed as a therapeutic target for a wide variety of tumors (Mineta et al. 2000; Vassilakopoulou et al. 2015) . The principal antiangiogenic target to date has been vascular endothelial growth factor (VEGF) and downstream VEGF-mediated processes that regulate endothelial cell survival and therapeutic resistance. For example, bevacizumab, a humanized VEGF monoclonal antibody, inhibits angiogenesis and facilitates the delivery of chemotherapeutic agents by inducing vascular normalization (Jain 2001) . This is a process by which antiangiogenic therapy restores the balance between pro-and antiangiogenic signaling, thereby inducing a more structurally and functionally normal vasculature. This maturation of microvessels at the tumor site is believed to explain why combining antiangiogenic agents with chemoradiation increases the delivery of anticancer drugs to the tumor site (Guo et al. 2003) . The effectiveness of VEGF/VEGF receptor (VEGFR) agents such as bevacizumab, sunitinib, or sorafenib, when used as single agents to treat HNSCC, has been limited and in some cases discontinued due to life-threatening side effects (Machiels et al. 2010; Williamson et al. 2010; Salama et al. 2011) . When bevacizumab was used in combination with chemoradiation, it was associated with enhanced tumor regression, reduced the probability of recurrence, and enhanced the response to standard chemotherapy and radiotherapy. In 2 studies in which bevacizumab was combined with 5-fluorouracil, hydroxyurea, and radiotherapy, the addition of bevacizumab was associated with a median survival time of 10.3 mo, and for reirradiated patients with recurrent nonmetastatic disease, the 2-y cumulative incidence of disease death rate was 51% (Seiwert et al. 2008) . While these results suggest antiangiogenic agents may be a valuable adjunct to conventional chemoradiation of HNSCC, their long-term therapeutic value remains uncertain.
Precision Immunotherapy of HNSCC
The recent renewed enthusiasm in cancer immunotherapy largely stems from the clinical success of therapeutic monoclonal antibodies (mAbs). These mAbs can be generally classified into 2 categories targeting the induction and maintenance phases of antitumor immunity. The first category of immunityinducing mAbs targets tumor antigens or the costimulatory pathways to expand the effector cell repertoire and enhance immune killing. But activated effector cells frequently enter into an exhaustion state due to the highly immunosuppressive tumor microenvironment. This state of exhaustion is, at least in part, mediated by the inhibitory immune checkpoint receptor (ICR) signaling. The second category of mAbs inhibits ICRs and maintains effective immune killing Kansy et al. 2017 ). As we garner new knowledge from the completed and emerging clinical trials, HNSCC patient responses to these mAbs are found to be highly variable, which entails carefully tailored immunogenomics-informed treatment protocols.
Immunotherapeutic mAbs in Ongoing HNSCC Clinical Trials
In 2016, the Food and Drug Administration (FDA) approved 2 mAbs targeting an ICR (PD-1), pembrolizumab and nivolumab, to manage recurrent/metastatic (R/M) HNSCC. In an initial phase Ib trial (KEYNOTE-012), pembrolizumab was well tolerated in patients with R/M HNSCC, with an overall 18% response rate (Seiwert et al. 2016) . In a more recent phase Ib trial (KEYNOTE-028), pembrolizumab demonstrated an objective response rate of 25.9% in patients with PD-L1-positive nasopharyngeal carcinoma (Hsu et al. 2017) . A phase III trial of nivolumab (CheckMate 141) revealed a 13.1% response rate among patients with R/M HNSCC . As most effector CD8-positive T cells are dysfunctional in the tumor microenvironment with expression of markers for functional exhaustion such as high levels of PD-1 (Kansy et al. 2017) , targeting ICR is a promising approach to maintain robust antitumor immunity. But patient response to ICR inhibitors likely requires an existing tumor-specific T-cell repertoire. Hence, a combination of ICR blockade with mAbs, which activate effector T cells and improve the induction phase of antitumor immunity, is being explored in the clinics. These mAbs largely target the costimulatory molecules on immune cells, such as CD137, OX40, and CD357, to amplify effector cell function. A combination of costimulatory pathway activation and ICR inhibition has been proposed in new HNSCC clinical trials, which are discussed in depth in a recent review (Bauman et al. 2017) . In addition, an EGFR-targeted mAb, cetuximab, also shows promises in inducing antitumor effector function. It binds to EGFR and activates natural killer (NK) cells through antibody-dependent cell-mediated cytotoxicity (ADCC). Enhanced NK function leads to increased release of interferon (IFN)-γ, promoting the T H 1/Tc1 skewing of tumor-specific T cells (Srivastava et al. 2013) . Notably, cetuximab was recently shown to induce endoplasmic reticulum (ER) stress in HNSCC (Lei et al. 2016) , and ER stress potently stimulates immunogenic cell death, which further enhances immune killing (Pozzi et al. 2016) . Hence, cetuximab improves the induction of immunity by engaging both cancer cells and tumor-infiltrating effectors. Among the sophisticated combinatorial strategies, protocol selection depends on the assessment of basal antitumor immunity. But a consistent approach to quantitate cancer immunogenicity is still lacking in the current pathology practice, representing a major knowledge gap in precision immunotherapy.
Experimental Immunotherapeutic Strategies
To exploit the full potential of ICR blockade, immune-priming strategies are pivotal to expand the tumor-specific T-cell repertoire. Stimulating costimulatory pathways in immune cells using mAbs is a promising method to nonspecifically augment basal host immunity. Although evidence is still scarce, this strategy likely requires preexisting infiltration of immune cells or a T-cell-inflamed microenvironment. However, most patients with HNSCC have a poor infiltration of T cells, which may limit this strategy to a group of patients. As a mechanism of effector T-cell homing to the tumor bed, DNA damage in cancer cells results in increased cytoplasmic exposure to DNA fragments, which activates stimulator of interferon genes (STING)-mediated type I IFN signaling and promotes the chemotactic recruitment of antigen-presenting cells and T cells (Deng et al. 2014; Woo et al. 2014; Corrales et al. 2016 ), but cancers frequently inhibit this central pathway.
To enhance immune detection and improve T-cell infiltration, several conceptual designs are being tested in preclinical models and clinical trials. 1) It is essential to dissect the regulatory network of STING. Novel cancer inhibitors of STING are potential new targets to enhance cancer immunogenicity. 2) Mutation-associated neoantigens critically control the repertoire of tumor-specific T cells. Higher neoantigen load is associated with superior responses to ICR inhibition (Van Allen et al. 2015) . The DNA repair pathway is a major checkpoint against genome instability. Thus, DNA repair-competent tumors likely present features of a cold cancer. Depending on the specific mechanisms of DNA repair in individual tumors, coupling DNA damage-inducing agents with ICR blockade may offer benefits to a subset of HNSCC patients. 3) HNSCC has shown daunting heterogeneity, with variable portions of the tumor made up of cancer stem cells, which are highly tumorigenic and immunosuppressive (Prince et al. 2007; Lee et al. 2016) . To overcome cancer stem cell-potentiated resistance to therapy, a targeted approach using a cancer stem cell dendritic cell vaccine yields significant tumor regression and prevents lung metastasis (Hu et al. 2016) . Hence, more accurate diagnostic tools to identify tumors with high percentages of cancer stem cells and a cancer stem cell-targeted treatment modality will likely contribute to the expanded pool of responders to immunotherapy. 4) With the development of novel vaccine delivery vehicles and neoantigen prediction pipelines, a personalized anticancer vaccine has proven to be a powerful tool to drive tumor-specific immunity (Sahin et al. 2017) . A focused review on anti-HNSCC vaccines in this special issue summarizes the recent advances in the field (Tan et al. 2018) Due to the consistent expression of viral proteins in HPVpositive oropharyngeal cancer, E6 and E7 are ideal targets for the design of cancer antigen-specific vaccines (Tan et al. 2018) . But in HPV-negative HNSCC, a major challenge to generate neoantigen-targeted vaccines is the time and cost associated with neoantigen identification and subsequent personalized manufacture. Hence, automated neoantigen prediction pipelines and economic vaccine delivery vehicles will bring a potentially transformative technology to the precision immunotherapy of HNSCC.
Potential Biomarkers for Cold HNSCC
Since the initial approval more than a decade ago, numerous clinical trials have been completed with cetuximab. A systematic review reveals that less than 20% of patients with R/M HNSCC respond to cetuximab (Reeves et al. 2011) . Similarly, a phase III clinical trial, CheckMate 141, shows that the HNSCC patient response rates to anti-PD-1 are also below 15% ). Due to the high cost associated with mAb therapy and the emerging novel combinatorial protocols for poor responders, it is urgent to streamline the diagnostic algorithms and stratify hot and cold HNSCC.
In contrast to the notion that HPV-positive HNSCCs exhibit better response profiles than HPV-negative tumors with chemoradiotherapy, HPV status alone cannot be used to predict patient response to anti-PD-1 Bauman et al. 2017) . High expression levels of ICR ligands, such as PD-L1, have been examined as a potential biomarker, and about 50% to 60% of HNSCCs express PD-L1 (Concha-Benavente et al. 2015) . In the initial trial (KEYNOTE-012), a tumor was considered PD-L1 positive if the tumor or stroma contained >1% PD-L1-positive cells. PD-L1 positivity was associated with better overall response and progression-free survival (Seiwert et al. 2016 ). However, PD-L1 staining in cancer cells is patchy , and its immunostaining is prone to sampling error. Notably, PD-L1 expression on tumor cells is dispensable for tumor response to the ICR blockade. In contrast, PD-L1 expression in host myeloid cells plays an essential role in modulating antitumor immunity (Tang et al. 2018) . Thus, the use of IHC staining of PD-L1 on cancer cells alone as a biomarker has been challenging. Results from the CheckMate 141 trial suggest that patients with HNSCC can benefit from nivolumab regardless of PD-L1 status, using the same 1% cutoff for PD-L1 positivity (Harrington et al. 2017) .
Evidence gleaned from the studies of tumor-infiltrating lymphocytes (TILs) suggests that TIL compositions hold enormous promise for complementing the current TNM staging and identifying cold cancers. The current immunoscore to characterize tumor immune infiltrate relies on immunohistochemistry (IHC)-based enumeration of effector populations such as CD8-positive cytotoxic T lymphocytes and CD45RO-positive memory T cells. Fully appreciating the significant prognostic values of these well-characterized markers, it is also important not to overlook other less predominant yet prognostically significant immune cell subsets. For example, in a recent pan-cancer type microarray gene expression study, plasma cells were unexpectedly found to be the strongest biomarker for a favorable outcome, while neutrophils were inversely correlated with patient survival (Gentles et al. 2015) .
With the rapid evolution of next-generation sequencing methods, mapping the TIL landscape based on immune cell signature gene expression has emerged as a highly promising approach to assess the complete immune infiltration profile in tumors. A major challenge associated with gene expression deconvolution is the frequent data contamination by outliers, which are frequently observed in tumor sequencing data sets and inevitably skew the TIL scores. More robust and automated machine learning tools are essential to identify and remove these outliers to fully unleash the power of HNSCC immunogenomics in stratifying patients based on cancer immunogenicity.
Conclusion
Targeted therapy and checkpoint blockade immunotherapy epitomize new precision treatments for HNSCC. Main challenges lie in better biomarker-assisted patient stratification and protocol selection (Fig.) . Resistance to current targeted therapies and immunotherapy typically arises in signaling redundancy and compensatory mechanisms driving immune escape. Thus, efforts in dissecting the molecular circuitry that sustains cancer cell metabolic and proliferation needs, despite targeted blockade, and that induce peripheral immune tolerance hold promise for a more effective portfolio of combination approaches to reduce morbidity and improve outcome.
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